The cell stress and redox responses are increasingly acknowledged as factors contributing to the generation and development of the inflammatory response. Several inflammation-inducing stressors have been identified, inside and outside of the cell. Furthermore, many hereditary diseases associate with inflammation and oxidative stress, suggesting a role for mutated proteins as stressors. The nucleotide-binding oligomerization domain, leucine-rich repeat-containing family, pyrin domain-containing 3 (NLRP3) inflammasome is an important node at the crossroad between redox response and inflammation. Remarkably, monocytes from patients with mutations in the NLRP3 gene undergo oxidative stress after stimulation with minute amounts of TLR agonists, resulting in unbalanced production of IL-1b and regulatory cytokines. Similar alterations in cytokine production are found in healthy monocytes upon TLR overstimulation. This mini-review summarizes recent progress in this field, discusses the molecular mechanisms underlying the loss of control of the cytokine network following oxidative stress, and proposes new therapeutic opportunities. J. Leukoc. Biol. 99: 79-86; 2016. 
Introduction
Inflammation is classically defined as a defense response of cells to harmful stimuli, induced by pathogen components (PAMPs) that mediate infectious inflammation or by substances released by injured tissues (DAMPs) responsible for sterile inflammation through activation of TLRs and NLRs [1, 2] . However, recent studies suggest that a strong role in inflammation, even in the absence of PAMPs or DAMPs, is played by stress [3] . Living cells are equipped with devices that physiologically allow them to respond and adapt rapidly to stress [4] . Among them, the UPR has been traditionally viewed as an adaptive response to the stress triggered by accumulation of unfolded proteins in the ER and aimed at restoring ER function. At present, defects in protein folding, either induced environmentally or caused by genetic mutations in components of the UPR, are recognized as able to trigger by themselves an inflammatory phenotype [5] , as described in inflammatory bowel disease [6] , metabolic disease [7] , and lung respiratory disease [8] . The UPR intersects at various levels with inflammatory pathways, such as the production of ROS and the activation of NF-kB, JNK, and IFN-regulatory factor 3, resulting in induction and amplification of the cytokine response. Furthermore, activation of TLRs by PAMPs or DAMPs may activate UPR signaling cascades, indicating that different inducers of inflammation are connected and may synergize [9] [10] [11] .
It is noteworthy that many hereditary diseases, including cystic fibrosis [12] and Duchenne muscular dystrophy [13] , are associated with inflammation and oxidative stress. Conceivably, the presence of a mutated protein disrupts the cell proteostasis, causing stress-including ER stress and redox stress-UPR, and inflammation. We reasoned that the presence of a stress-inducing mutated protein in professional inflammatory cells, where all of the circuits dedicated to the induction of inflammation are prone to activation, would have a stronger impact on the development and outcome of the inflammatory response. In agreement with this hypothesis, monocytes from patients affected by CAPS, an AID where mutations in the inflammasome component NLRP3 cause severe inflammatory manifestations, display a state of cell stress at baseline [14] . It is noteworthy that monocytes from healthy subjects, when overstimulated by different TLR agonists, also become stressed and behave similarly to CAPS monocytes [15] . Here, we discuss the role of stress responses in the production of proinflammatory and regulatory cytokines by inflammatory cells and compare monocytes from CAPS patients with overstimulated, healthy monocytes.
CAPS
AIDs, also called periodic fever syndromes, are a family of rare hereditary disorders, characterized by unexplained episodes of fever and systemic and organ-specific inflammation in the absence of high titers of autoantibodies or antigen-specific T or B cells [16] [17] [18] . In many AIDs, the responsible gene is related to the innate immunity [19] . CAPS is linked to mutations in the NLRP3 gene [20, 21] , a major component of the inflammasome, responsible for processing and secretion of IL-1b and other cytokines [22] . CAPS includes 3 different clinical forms: familial cold autoinflammatory syndrome, Muckle-Wells syndrome, and chronic infantile neurologic, cutaneous, and arthritis syndrome, which differ in the organs involved and in the severity of the disease [19] . The missense mutations in the highly conserved NACHT domain of NLRP3 cause inflammasome hyperactivity and dysregulated production of IL-1b that is responsible for the severe inflammatory manifestations [22, 23] . The key role of IL-1b has been confirmed by the rapid and sustained resolution of symptoms observed by blocking IL-1R with anakinra, the recombinant form of the endogenous IL-1Ra, or neutralizing IL-1b with anti-IL-1b (canakinumab) [24] [25] [26] .
IL-1b AND IL-1Ra
IL-1b is a master mediator of inflammation, produced by inflammatory cells following TLR activation, which directly or through induction of other cytokines is able to trigger inflammatory responses in virtually all tissues of our body [27] . As a result of the high bioactivity and the pleiotropic functions of the cytokine, dysregulated secretion of IL-1b is highly dangerous, as demonstrated by its involvement in the pathogenesis of several inflammatory disorders, including type 1 diabetes, atherosclerosis, gout, inflammatory bowel disease, and rheumatoid arthritis [28] .
In healthy individuals, the acute inflammatory response is generally self-limiting, as a result of the presence of several downmodulating circuits. IL-1Ra, a member of the IL-1 family, is the most important physiologic inhibitor of IL-1. It binds to IL-1R with the same affinity as IL-1 but does not signal, thus inhibiting binding and activity of IL-1. IL-1Ra is induced by IL-1 itself, both in peripheral target tissues and in an autocrine/paracrine manner, on the same monocytes that produce IL-1. Thus, after a phase of autoinduction [27, 29] , IL-1 starts a negative feedback loop, with induction of IL-1Ra, which, in turn, competes with IL-1 at the IL-1R level, thus dampening inflammation (Fig. 1) . The balance between IL-1 and IL-1Ra is not only essential for controlling the outcome of inflammation, but it also plays a role in preventing its onset and maintaining the homeostasis, as evidenced in patients affected by genetic deficiency of IL-1Ra [30] . These babies already exhibit at birth devastating inflammatory lesions without evidence of a triggering stimulus, which frequently led them to death in a few years. If the syndrome is recognized early, treatment with anakinra can prevent death from multiorgan failure and dramatically ameliorates the inflammatory manifestations with rapid resolution of the symptoms and signs [30] .
NLRP3 INFLAMMASOME
Unlike most cytokines, IL-1b is a leaderless protein and is secreted by monocytic cells through a nonclassic pathway [31] . Moreover, IL-1b is synthesized as an inactive precursor (pro-IL1b) and processed in the biologically active form by caspase-1, activated upon the assembly of the cytosolic multiprotein complex called inflammasome [32] .
Secretion of IL-1b requires 2 signals [33] [34] [35] . Microbial products, such as PAMPs, induce expression and intracellular accumulation of pro-IL-1b; then, inflammasome activators trigger the assembly of the inflammasome, leading to pro-IL-1b processing and secretion of IL-1b [36, 37] .
Different inflammasomes exist, composed by different members of the NLR family. In this review, we will focus on the NLRP3 inflammasome that is responsible for IL-1b activation during sterile inflammation and that is mutated in CAPS. The NLRP3 inflammasome is composed by NLRP3, the adaptor protein ASC, and procaspase-1 [34] . ASC mediates the recruitment to NLRP3 of procaspase-1, inducing its autoprocessing, with generation of active caspase-1 able to cleave pro-IL-1b and to convert it to the mature IL-1b [38] . NLRP3 inflammasome can be activated by a range of microbial and nonmicrobial stimuli. Nonmicrobial stimuli, involved in sterile inflammation, include substances that through activation of the NLRP3 inflammasome, lead to the development of specific diseases. This is the case of uric acid crystals that cause the acute inflammation in gout [39] ; asbestos and silica fibers, responsible for the inflammation leading to pulmonary fibrosis (asbestosis, silicosis) [40] ; and b-amyloid fibers and cholesterol crystals implicated in Alzheimer's disease [41] and atherosclerosis [42] , respectively.
Other nonmicrobial activators of NLRP3 inflammasome are unlinked to specific diseases and activate the inflammasome in many different inflammatory contexts. Among these, the most common is extracellular ATP.
EXOGENOUS ATP AS THE MOST COMMON NLRP3 ACTIVATOR
ATP is a well-known energy-bearing molecule, present in living cells, that provides the energy required by key cell processes, such as metabolism, biosynthesis, and intracellular signaling. Yet, this versatile molecule is also present extracellularly, where it plays important functions in cell-cell communication and regulates many physiologic or pathologic processes in different organs and tissues. In inflammation, extracellular ATP acts as a DAMP [43] . In fact, being present at high concentration inside of cells, ATP is released extracellularly in large amounts upon cell injury. ATP can also be actively secreted by activated living cells, such as platelets and leukocytes [43] , through mechanisms only partially understood [44, 45] . Either passively released or actively secreted, extracellular ATP induces inflammation by binding P2X7R on inflammatory cells and triggering a series of intracellular processes that leads to inflammasome activation and IL-1b secretion [43, 46] . Exogenous ATP is necessary in macrophages, but it is dispensable in human monocytes [47] [48] [49] , as TLR stimulation activates secretion of endogenous ATP that in an autocrine manner, stimulates P2X7R and triggers inflammasome activation and IL-1b secretion (Fig. 2) [49] . The extracellular ATP concentrations are controlled by a family of ectoenzymes that continuously remove ATP, thus dampening inflammation. In particular, activated monocytes express the ectonucleotidases CD39 and CD73 that mediate the hydrolysis of ATP, thereby reducing the production of IL-1b [50, 51] .
DYSREGULATED CYTOKINE PRODUCTION IN CAPS
As introduced above, CAPS is characterized by dysregulated production of IL-1b that is linked to NLRP3 gain-of-function mutations and that represents the hallmark of CAPS. Following stimulation with TLR agonists, IL-1b secretion is not only increased, but also accelerated [14, 51] , whereas IL-1b secretion by monocytes from healthy donors is still increasing after 18 h from the exposure to PAMPs, in monocytes from CAPS patients, the plateau is reached after 3 to 6 h. Of course, the release of all of the secretable IL-1b altogether after a single stimulus justifies the strong inflammatory symptoms, even in the absence of a high increase of secretion.
In addition to IL-1b, other cytokines are dysregulated in CAPS, possibly contributing to the pathophysiology of the disease. In a recent study [52] , we observed that IL-18 and IL-1a secretion is also increased in LPS-stimulated monocytes from CAPS patients. IL-18, like IL-1b, is processed by inflammasome-activated caspase-1; thus, its increase is expected. In contrast, IL-1a is not; rather, IL-1a is bioactive as a nonprocessed precursor [53] and is able to exert its proinflammatory activity when released by dying cells, thus behaving as a DAMP [54] . However, IL-1a can also be actively secreted in response to cell stress [55] . Furthermore, the inflammasome has been found to mediate IL-1a secretion, in spite of the cytokine lacking a site of cleavage for caspase-1 [56, 57] . In CAPS, the increased secretion of IL-1a implies its possible involvement in the promotion and progression of inflammatory episodes and must be kept in account when anti-IL-1b therapies are considered.
Unexpectedly, furthermore, the production of cytokines downstream of IL-1b is dysregulated in CAPS, with dramatic impairment of IL-1Ra and IL-6 secretion [51] . This impairment is likely to have a strong impact on the disease, as the deficiency of IL-1Ra allows the amplification of IL-1-mediated effects. Thus, the low availability of IL-1Ra explains the severe inflammatory manifestations in CAPS patients, as well as with those cases where the increase in IL-1b secretion is moderate (Fig. 1) . Less clear is whether the low secretion of IL-6 by CAPS monocytes has a role in the disease. IL-6 is a pleiotropic cytokine and can exert proand anti-inflammatory properties, possibly depending on signaling through membrane-bound or soluble IL-6Rs [58] . Moreover, the IL-6 in CAPS serum, even if lower than in other autoinflammatory or autoimmune diseases [24, 59] , is, in any case, above the normal range, most likely as a result of the fact that IL-6 is produced not only by monocytes but also by several cell types following IL-1b stimulation. The different rate of IL-6 production may explain why agents targeting IL-6 are highly beneficial in autoimmune diseases [60] but have no sustained effects in CAPS that conversely, are highly responsive to IL-1 blockade [26] .
WHY ARE CYTOKINES DYSREGULATED IN CAPS? THE ROLE OF CELL STRESS

CAPS monocytes are under redox distress
In normal cells, when ROS production occurs, as a result of physiologic or pathologic triggers, an adaptive response with induction of some of the several antioxidant systems present in cells is rapidly activated, aimed at restoring the redox balance. Once the homeostasis is restored, antioxidant systems return to baseline. Thus, unstimulated monocytes from healthy subjects exhibit a condition of redox equilibrium with low amounts of ROS and of antioxidants. In contrast, monocytes from CAPS patients are under redox stress. Freshly drawn from peripheral blood, in the absence of any stimulation, CAPS monocytes display elevated levels of both ROS and antioxidants. A redox equilibrium is still present but precarious, as it is maintained by a strong and continuous overexpression of antioxidant systems that try to compensate the high levels of ROS. Accordingly, signs of stress, such as the presence of damaged mitochondria, are detected in circulating CAPS monocytes [51] . This state of stress is likely linked to the presence of the mutated NLRP3 protein, as also suggested by the observation that lymphocytes from CAPS patients, which different from monocytes, do not express NLRP3, have normal mitochondria [51] .
Cell stress increases the production of IL-1b by inducing ATP secretion Stress at baseline results in an altered response of CAPS monocytes to TLR stimulation. Triggering of TLRs induces a stronger generation of ROS, which in turn, causes an increased secretion of ATP (up to 10 times that induced in healthy monocytes; Fig. 2 ) [52] . The key role of ROS in inducing ATP secretion was confirmed by the observation that the inhibition of ROS production by the flavoprotein inhibitor, diphenyleneiodonium, strongly hinders the secretion of ATP. The P2X7R blocker, oxidized ATP, dramatically prevents IL-1b secretion, further demonstrating the direct involvement of externalized ATP in inflammasome activation through engagement of P2X7R [52] . How ROS induce ATP secretion is still unclear. A recent study on keratinocytes suggests that ROS production leads to ATP release through opening of pannexin hemichannels [61, 62] , which also can be implicated in monocytes, as they are ubiquitously expressed [63] , and they mediate ATP release [64] and IL-1b secretion [65] also in these cells. In any case, the loop involving ROS production, ATP release, P2X7R triggering, and inflammasome activation, implicated in TLR-mediated IL-1b secretion in normal monocytes [15, 49] , is also present in CAPS monocytes, where it is strongly amplified, suggesting a correlation between redox distress and ATP secretion [52] .
Following TLR stimulation and the consequent strong generation of ROS, CAPS monocytes release ATP levels higher than those necessary to trigger the maximal IL-1b secretion [52] . These data provide a mechanistic explanation to the findings that the addition of exogenous ATP does not stimulate IL-1b secretion by LPS-primed CAPS monocytes [25] . As a result of the high levels of ROS-induced, secreted ATP and the consequent high levels of secreted IL-1b, additional extracellular ATP is unable to increase the release of the cytokine further.
Stress lowers the threshold of inflammasome activation
An additional consequence of the state of stress present at baseline in CAPS monocytes is the lower threshold of PAMPmediated inflammasome activation. Minute amounts of LPS, unable to induce inflammasome activation in healthy monocytes, trigger high levels of IL-1b secretion by CAPS monocytes [52] . This feature may explain the recurrent episodes of systemic inflammation in the absence of evident clinical cause. Slight stimuli, such as very mild trauma or upper-respiratory viral infections, inconsequential in healthy subjects, may induce IL-1b secretion and dramatic inflammatory manifestations in CAPS patients.
Remarkably, the presence of stress also is a feature of monocytes from the TNFR associated periodic syndrome [66] , the FMF [67] , and the NLRP12 associated periodic syndrome [68] . These observations strongly support the hypothesis that stress is a hallmark of monocytes from autoinflammatory syndromes, linked to the expression of a mutated protein in inflammatory cells [69] , and that it participates in the pathophysiology of the disease at different extents, depending on the severity of the stress state.
Stress impairs the production of IL-1Ra
In this regard, whereas the mild stress state in certain AIDs, such as FMF only causes an increased IL-1b secretion, the stronger stress present in CAPS monocytes also leads to impaired production of regulatory cytokines, such as IL-1Ra. In fact, the antioxidant response, activated in PAMP-stimulated CAPS monocytes to detoxify the increased ROS production, is effective for only a few hours but then collapses, resulting in oxidative stress [14, 51] . Stressed cells down-modulate the global translation [70, 71] so that the production of second-wave cytokines, such as IL-1Ra, normally expressed at 3-6 h from TLR triggering, also is reduced dramatically. The inhibition of protein synthesis may also explain why IL-1b secretion by LPS-stimulated CAPS monocytes peaks between 3 and 6 h and then stops, whereas in normal monocytes, IL-1b secretion, although much lower, is sustained in time.
Previous observations, reporting that the levels of serum IL-1Ra are higher in CAPS than in healthy subjects [23] , are only apparently in disagreement. In fact, serum IL-1Ra derives from many cell sources, as many cell types produce this cytokine. As discussed above, cell stress in CAPS is a result of the expression of the mutated NLRP3. Thus, inhibition of protein translation, with decreased synthesis of IL-1Ra, would occur only in inflammatory cells. The impaired production of IL-1Ra, coupled to increased secretion of IL-1b, therefore, would be relevant in the inflammatory microenvironment, where monocytes/macrophages are recruited, such as joints, where the strong IL-1/IL-1Ra unbalance would intensify the inflammation [30, 72] . The critical role of oxidative stress [51] was supported by the observation that antioxidants are able to restore the production of IL-1Ra by CAPS monocytes in vitro [52] . This finding confirms that restoring redox homeostasis could rescue the production of regulatory cytokines, helping to control inflammation [73] .
DOES STRESS ALSO AFFECT THE INFLAMMATORY RESPONSE IN MONOCYTES FROM HEALTHY INDIVIDUALS?
The cross-talk between stress and loss of control of the inflammatory cytokine network is increasingly acknowledged as a pathogenetic factor in many chronic syndromes [74] . Among other examples, the presence of redox distress in monocytes upon LPS stimulation could explain the increased IL-1b and decreased IL-6 production reported in subjects at risk for diabetes development [75] .
It is noteworthy that also in severe acute inflammatory reactions, such as sepsis, an imbalance of pro-and antiinflammatory cytokine production may play an important role in pathogenesis [76] . Remarkably, signs of oxidative stress, such as NO overproduction, antioxidant depletion, and mitochondrial dysfunction, occur and correlate with the severity of sepsis [77, 78] .
In spite of these observations, why the balance between proinflammatory and anti-inflammatory cytokines is lost in various inflammatory conditions is incompletely understood. Recently, we showed [15] that the agonists of TLR4, -2, and -7/8, administrated singularly, trigger the proper secretion of IL-1b and IL-1Ra by normal monocytes. When provided simultaneously, however, they strongly increase the secretion of IL-1b but antagonize that of IL-1Ra. Costimulation-induced synergy and antagonism are not restricted to the IL-1b/IL-1Ra couple but affect the production of other mediators of inflammation, such as TNF-a, which is enhanced, and IL-6, which is inhibited [15] . All of these effects are mediated by redox responses. Whereas TNF-a and IL-1b are induced by the increased ROS (and the consequent increased release of ATP), the impaired IL-1Ra and IL-6 production depends on the oxidative stress that occurs in a later phase after TLR costimulation. The key role of oxidative stress in the inhibition of cytokines production, also in overstimulated, healthy monocytes, is supported by the occurrence of a block of protein synthesis that is likely responsible for the impaired production of IL-1Ra and IL-6 and by the rescue of the production of the 2 cytokines by exogenous antioxidants [15] . Thus, the mechanism of stress-induced dysregulation of cytokine production operating in normal monocytes is similar to that described for CAPS monocytes (Fig. 3) . The difference is that CAPS monocytes are under stress at baseline and therefore, require a slight stimulation to increase the state of stress and eventually undergo oxidative stress, whereas normal monocytes are in a condition of redox homeostasis that ensures them a correct response unless an overstimulation of TLR arises [15] .
CONCLUDING REMARKS
In this review, we pointed out that similar mechanisms contribute to the loss of control of cytokine production in many different diseases, both inherited, such as AIDs, or acquired, chronic (e.g., diabetes), or acute (e.g., sepsis). In all case, stress plays a pivotal role. The pharmacological control of the clinical manifestations in stress-mediated inflammatory diseases is difficult. In many AIDs, IL-1 blocking is extremely efficient, but anti-IL-1 biologics are expensive and not available in all countries; in the case of diabetes, the sharp increase of its incidence in Western and developing countries is becoming one of the major world health emergencies. As for sepsis, no effective treatments are actually available. For these reasons, there is a strong need for new drugs-efficacious, sustainable, and widely accessible. We propose that novel therapeutic approaches, based on a combination of redox modulators and TLR [79] or P2X7R inhibitors [80] , may be successful, both in acute inflammatory diseases, such as sepsis, and in chronic, pathologic conditions, including autoimmune diseases, diabetes, chronic heart failure, and cancer. 
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